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Abstract. The observed interactions between particles are not fully explained in the
successful theoretical description of the standard model to date. Due to the close con-
finement of the bound state muonium (M = µ+e−) can be used as an ideal probe
of quantum electrodynamics and weak interaction and also for a search for additional
interactions between leptons. Of special interest is the lepton number violating process
of sponteanous conversion of muonium to antimuonium.
1 Introduction
Precision measurements on atomic systems have played an important role in the course
of the development of modern physics. In many cases they have lead to discoveries
which had significant impact on the understanding of the physical laws of nature. The
explanation of the carefully measured electromagnetic spectrum of atomic hydrogen
by the Schro¨dinger equation was a great success for quantum mechanics. The observed
fine structure was included in the solutions to the Dirac equation which demonstrated
the necessity of a relativistic description of the atomic structure. Precise investigations
of the hydrogen Balmer-α line revealed a faint nearby line [1] which was the discovery
of deuterium through its spectroscopic isotope shift. A small deviation of the measured
hyperfine splitting in hydrogen [2] from the value predicted in Fermi’s theory on the
0.1% level could be explained by the anomalous magnetic moment of the electron. This
discovery together with the observation of the Lamb-shift (22S 1
2
− 22P 1
2
) in hydrogen
[3] has initiated and boosted the development of the modern field theory of quantum
electrodynamics (QED).
The unification of the weak and electromagnetic interactions in the electroweak
standard model was strongly supported by the observation of parity violation in precise
spectroscopic measurements in heavy atoms. Today electroweak processes examined
both at high energies [4] at the LEP electron-positron storage ring collider at CERN,
Geneva, Switzerland, and in atomic parity violation experiments in heavy atoms, e.g.
in cesium and thallium [5, 6], have ascertained the power of the unified electroweak
theory which is valid over a range of 10 orders of magnitude in momentum transfer.
Today the standard model appears to be a very successful effective description of
all known interactions between particles and no significant deviation from it could be
established so far. Its predictions are subject to high precision experiments which allow
to extract a set of intrinsic parameters including the masses in the leptonic and the
quark sectors and mixing angles between different quarks. However, there still remain
unresolved questions within this sophisticated theoretical framework like the number
of interactions, the number of lepton and quark generations or the nature of parity
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violation. Particularly the question of lepton number conservation is investigated by
various experiments, since no underlying symmetry could be discovered to be associated
with it yet.
The muonium atom (M=µ+e−), the bound state of a positive muon µ+ and an
electron e−, can be considered a light hydrogen isotope. This fundamental system
is ideally suited for investigating bound state quantum electromagnetic theory and
it renders the possibility to test fundamental concepts of the standard model. The
spectroscopic measurements of electromagnetic transitions like the hyperfine interval
in the ground state or the 1s-2s energy splitting are generally considered precise tests
of QED and are used to infer accurate values of fundamental constants [7]. In addition,
they may be used to extract information on fundamental symmetries. For example, the
latest measurement of the 1s-2s energy interval [7, 8] can be regarded as the best test
of the charge equality of leptons from different particle generations at a level of 10−8
relative accuracy [9]. The system offers further unique possibilities to search for yet
unknown interactions between leptons, in particular, since the close confinement of the
bound state allows its constituents a rather long interaction time which is ultimately
limited by the lifetime τµ = 2.2µs of the muon.
2 Test of Lepton Number Conservation
A spontaneous conversion of muonium into antimuonium (M = µ−e+) would violate
additive lepton family (generation) number conservation by two units. This process
is not provided in the standard model like others which are intensively searched for,
e.g. µ → eγ [10], µ → eee [11], µ − e conversion [12] or the muon decay mode µ+ →
e++νµ+νe [13]. However, in the framework of many speculative theories, which try to
extend the standard model in order to explain some of its not well understood features,
lepton number violation is a natural process and muonium to antimuonium conversion
is an essential part in several of these models (Fig. 1) [14-19].
Traditionally, muonium-antimuonium conversion is described as an effective four
fermion interaction with a coupling constant G
MM
which can be measured in units of
the Fermi coupling constant of the weak interaction GF [20]. Many of the speculative
models would allow a strength of the interaction as large as the experimental bound
at the time they were created.
In minimal left-right symmetric theory muonium and antimuonium could be cou-
pled through a doubly charged Higgs boson ∆++. In this case even a lower bound has
been predicted for G
MM
, provided the muon neutrino mass mνµ were larger than 35
keV/c2 [14]. With the present experimental limit of mνµ ≤ 170 keV/c2 [21] the cou-
pling constant G
MM
should be larger than 2 ·10−4 GF. This figure would even increase
for an improved bound on mνµ .
For neutrinos being Majorana particles a coupling between muonium and antimuo-
nium is possible by an intermediate pair of neutrinos. A limit on the effective coupling
can be estimated based on the Majorana mass limit of the electron neutrino which
has been deduced from experimental searches for neutrinoless double β-decay [22] to
G
MM
≤ 10−5GF [15].
Supersymmetric theories allow an interaction to be mediated by a τ -sneutrino ν˜τ ,
the supersymmetric partner of the τ -neutrino. The predictions are G
MM
≤ 10−2GF for
a mass value mν˜τ of 100 GeV/c
2 [18].
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Fig. 1. Muonium-antimuonium conversion can be described in various theories beyond
the standard model. The interaction could be mediated by (a) a doubly charged Higgs
boson ∆++ [14], (b) heavy Majorana neutrinos [15], (c) a neutral scalar ΦN [16], which
could be for example a supersymmetric τ -sneutrino ν˜τ [18] or (d) a dileptonic gauge
boson X++ [19].
Some of these speculative theories need to introduce neutral scalar bosons to explain
the mass spectrum in the leptonic sector. These models predict a coupling strength of
10−2GF which is in the range of the sensitivity of present experimental search [16].
In the framework of grand unification theories (GUT) muonium-antimuonium con-
version could be explained by the exchange of a gauge boson X++ which carries both
an electronic and a muonic lepton number. Bhabha scattering experiments at PETRA
storage ring at DESY in Hamburg, Germany, bounded the mass of this dileptonic par-
ticle to mX++/g3l ≥ 340 GeV/c2, where g3l depends on the particular symmetry and
is of order unity [23]. This can be translated into G
MM
≤ 10−2GF.
3 The Conversion Process
Muonium and antimuonium are neutral atoms which are degenerate in their energy
levels in the absence of external fields. In 1957 Pontecorvo suggested the possibility of
a muonium to antimuonium conversion process even before the atom had been formed
for the first time by V.W. Hughes and his coworkers in 1960 at the NEVIS cyclotron of
Columbia University, New York, USA [24]. He proposed a coupling by an intermediate
neutrino pair state in analogy to the K◦ −K◦ oscillations, which were discovered at
that time [25].
Any possible coupling between muonium and its antiatom will give rise to oscilla-
tions between the two species. For atomic s-states with principal quantum number n
a splitting of their energy levels
δ =
8GF√
2n2pia30
G
MM
GF
(1)
is caused, where a0 is the Bohr radius of the atom. For the ground state δ equals
1.5·10−12 eV·(G
MM
/GF) which corresponds to 519 Hz for GMM = GF. We note that this
value is three times larger than the uncertainty reported for the best measurement of the
muonium ground state hyperfine structure interval [26]. Therefore, the interpretation
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Fig. 2. Time dependence of the probability to observe an antimuonium decay for a
system which was initially in a pure muonium state. The solid line represents the
exponential decay of muonium in the absence of a finite coupling. The decay probability
as antimuonium is given for a coupling strength of G
MM
= 1000 by the dotted line
and for a coupling strength small compared to the muons decay rate (dashed line). In
the latter case the maximum of the probability is at 2 muon lifetimes. Only for strong
coupling several oscillation periods could be observed.
of precise measurements of the hyperfine structure must include considerations on how
such a process would affect the accuracy under the particular experimental conditions
[27].
A system starting at time t = 0 as a pure state of muonium could be observed in
the antimuonium state at a later time t with a probability of (Fig. 3)
p
MM
(t) = sin2
(
δ t
2 h¯
)
e−λµt ≈
(
δ t
2 h¯
)2
· e−λµt, (2)
where λµ = 1/τµ is the muon decay rate. The approximation is valid for a weak coupling
as suggested by the known experimental limits on G
MM
. In this case the process should
be considered a conversion rather than an oscillation. The maximum of the probability
for a decay as antimuonium is found at tmax = 2/λµ, while the ratio of antimuonium to
muonium continuosly increases with time. The total conversion probability integrated
over all decay times is
P
MM
= 2.56 · 10−5
(
G
MM
GF
)2
. (3)
This demonstrates the advantage of experiments in which the system is allowed an
extended time interval (a duration of order τµ or longer) for developing a conversion.
The degeneracy of corresponding states in the atom and its antiatom is removed
by external magnetic and electric fields which can cause a suppression of the conver-
sion and a reduction of the probability p
MM
. The influence of an external magnetic
field depends on the interaction type of the process. The reduction of the conversion
probability has been calculated for all possible interaction types as a function of field
strength (Fig. 3) [28, 29]. In the case of an observation of the conversion process the
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Fig. 3. The muonium to antimuonium conversion probability depends on external mag-
netic fields and the coupling type. Recent independent calculations were performed by
Wong and Hou [16] and Horikawa and Sasaki [29].
coupling type could be revealed by measurements of the conversion probability at two
different magnetic field values.
The conversion process is strongly suppressed for muonium in contact with matter,
since a transfer of the negative muon in antimuonium to any other atom is energetically
favored and breaks up the symmetry between muonium and antimuonium by opening
up an additional decay channel for the antiatom only. In gases at atmospheric pressures
the conversion probability is about five orders of magnitude smaller than in vacuum
[30] mainly due to scattering of the atoms from gas molecules. In solids the reduction
amounts to even 10 orders of magnitude. Therefore a sensitive experiment will benefit
largely from employing muonium atoms in vacuum.
4 History of Experimental Search
There is a strong connection between experimental searches for muonium to antimuo-
nium conversion and the development of efficient sources of muonium atoms. In the
earliest experiment in 1967 at the NEVIS cyclotron [31] muons were stopped in a Ar
noble gas target of pressure 1 atm with a technique similar to the one which was used
in the discovery of muonium. A large fraction of the muons forms muonium by electron
capture. A conversion process would be indicated by Kα X-rays originating from an
argon atom after the transfer of the negative muon from antimuonium. A sensitivity of
G
MM
< 5800GF (95% C.L.) could be reached which was mainly limited by the strong
suppression of the conversion in gases.
One year later Møller scattering was investigated at the Princeton-Stanford electron
storage rings at Stanford, USA. An analysis of the channel e−+ e− → µ−+µ−, which
is essentially the same physical process as muonium-antimuonium conversion, yielded
nearly two orders of magnitude higher sensitivity on the coupling strength [32]. 1
1 Today e− + e− scattering experiments would have to run for approximately 1 year
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Significant increases in sensitivity could be achieved after 1980 by taking advantage
of newly developed sources of muonium in vacuum. At the Los Alamos Meson Physics
Facility (LAMPF) in Los Alamos, USA, muonium in vacuum could be produced by
a beam foil technique from thin aluminum foils. The velocity-resonant nature of the
electron capture process causes typical kinetic energies of the atoms of a few keV.
The corresponding high velocities and finite dimensions of the apparatus restricted the
time interval available for the conversion. Antimuonium could have been discovered
by secondary electrons and muonic X-rays from a bismuth catcher foil. The coupling
constant G
MM
could be limited to below 7.5GF (90% C.L.) [33].
The discovery of muonium formation in fine grain SiO2 powders [34, 35] with about
60 % efficiency [36], after stopping muons from a surface beam stimulated experimental
work at the Tri University Meson Facility (TRIUMF) in Vancover, Canada, in the early
80’s. The signature for antimuonium was the detection of X-rays after capturing the
negative muon in a calcium host atom. The data were analyzed under the assumption
that the muonium atoms escape from the grains into the intergranular voids and yielded
G
MM
≤ 42GF (95% C.L.) [37]. With a more complete understanding of the behaviour
of muonium atoms inside of a powder target a reanalysis of the data limited the coupling
constant G
MM
to less than 20GF (95% C.L) [38].
The observation of a few percent of the muonium atoms leaving SiO2 powder target
surfaces with thermal energies at TRIUMF [38] and at at the Paul Scherrer Institut
(PSI) in Villigen, Switzerland [39], was a major breakthrough in the mid 80’s. It has
boosted experimental efforts searching for muonium to antimuonium conversion and
has been employed in all new approaches since.
At TRIUMF an experiment using thermal muonium in vacuum requested a signa-
ture consisting of X-rays generated by the transfer of the negative muon to a host atom
and followed by the delayed decay of a radioactive tantal nucleus created by nuclear
muon capture. A sensitivity of G
MM
≤ 0.29GF (90% C.L.) could be reached [40].
The thermal kinetic energy of the muonium atoms corresponds to a velocity of
7.4(1) mm/µs [39]. This assures that the atoms will stay in a small volume of about
100 cm3 for several natural lifetimes τµ and allows for long times for the conversion to
antimuonium.
At the Phasotron accelerator in Dubna, Russia, another experiment has been car-
ried out using muonium in vacuum from a SiO2 target. The only signal required was
the observation of a single energetic electron from the negative muon’s decay in a nar-
row momentum band of 6.3 MeV/c right below the maximum possible momentum 53
MeV/c of the decay electron in muon decay. A limit of G
MM
≤ 0.14GF (90% C.L.) was
deduced after one single event has been observed to fulfill the weak required criterion
[41].
5 Coincidence Signatures of the Atom’s Decay
Major progress was achieved using a new powerful and clean signature requesting the
coincident detection of both constituents of the antimuonium atom in its decay. This
method was developed and applied for the first time in an approach at LAMPF, where
a magnetic spectrometer was used to search for an energetic electron from the µ− de-
cay. The positron, which is expected to be left behind from the atomic shell with a
at LEP beam energies and luminosities to reach a sensitivity similar to a modern
muonium-antimuonium conversion experiment in medium energy laboratories.
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Fig. 4. Top view of the apparatus at PSI. The observation of the energetic electron
from the µ− decay in the antiatom in a magnetic spectrometer with a magnetic field
strength 0.1 T is required in coincidence with the detection of the positron, which is left
behind from the atomic shell of the antiatom, on a MCP and at least one annihilation
photon in a CsI calorimeter.
mean kinetic energy corresponding to the system’s Rydberg energy [42], could be elec-
trostatically extracted from the interaction region and registered on a microchannel
plate (MCP) detector. A limit of G
MM
≤ 0.16GF (90% C.L.) could be established [43].
The latest experiment at PSI (Fig. 5) [44, 45], implemented major improvements over
the LAMPF setup. The solid angle for the detection of the energetic electron was in-
creased by three orders of magnitude to 70 % of 4pi by using a cylindrical magnetic
spectrometer equipped with five concentric proportional chambers and a 64-fold seg-
mented hodoscope which was constructed from the former SINDRUM I detector. The
atomic positron is electrostatically accelerated and guided in a momentum selective
transport system parallel to the magnetic field lines to a position sensitive MCP with
resistive anode readout [46]. The tracks of these particles can be traced back to the in-
teraction region for reconstructing a decay vertex providing an additional suppression
of background. Further the annihilation radiation of the positrons can be observed in
a 12-fold segmented undoped, highly pure CsI crystal calorimeter (Fig. 5).
One of the design goals for the setup was to achieve as high as possible symmetry
for the detection of both, antimuonium and muonium, in order to reduce the systematic
uncertainties arising from corrections for efficiencies and acceptances of the detector
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subsystems. The production of the atoms has been monitored by reversing all electric
and magnetic fields regularly every few hours for half an hour.
The setup at PSI has a significantly higher sensitivity for observing the decay of
muonium atoms in vacuum than to those decaying inside of the production target, as it
allows the coincident detection of a fast and a slow particle after the decay. Therefore
a new determination method for the muonium production yield could be uniquely
exploited. It is based on a model established in independent dedicated experiments
[39], which assumes that the atoms are produced inside of the SiO2 powder at positions
given by the stopping distribution of the muons. A one dimensional diffusion process
describes the escape of the muonium atoms into vacuum where their velocities follow a
Maxwell-Boltzmann distribution. The distribution of time intervals between a stop of a
muon and the detected decay of a muonium atom in vacuum includes full information
on the atom’s production rate (Fig. 5). Using an effective diffusion equation for the
movement of atoms inside the target parallel to an axis (y) orthogonal to the target
surface the time distribution is derived for a diffusion length l =
√
DM/λµ which is
small compared to the target thickness a
nMvac(t) =
fM · exp(−λµ · t)
2 · √pi ·DM
·
∫ t
0
dt′
∫ a
0
dy
S(y) (a− y)√
t′3
· exp
(
− (a− y)
2
4 ·DM · t′
)
, (4)
with DM the diffusion constant, fM the fraction of muons stopped with a density
S(y) inside of the target and forming muonium. There is no muonium in vacuum at
t = 0. The maximum of nMvac(t) is approximately at 1.5µs which is about the average
time of diffusion for the muonium atoms in the target. The spectra contain a small
exponentially decaying background arising from muon decays within the target which
can be associated with the release of a secondary electron from the target material.
Numerical fits (Fig. 5) typically yield a few percent of muonium atoms in vacuum
with respect to the incoming muons. For a flat stopping distribution S(y) and target
thickness a large compared to the diffusion length l an analytical integration results in
nMvac(t) = fM exp (−λµt)
√
DM
pit
. (5)
The expression contains the diffusion constant DM only as a part of the normalization
factor.
An intermediate result from the PSI experiment, which is carried out in a two
step approach, is available [45] on the basis of an effective measurement time of 210
hours during which 1.4(1) · 109 muonium atoms decayed inside of the fiducial volume
of diameter 9 cm and length 10 cm. No decay of an antimuonium atom was observed.
There are no entries in a 20 ns wide window around the expected time of flight of
70 ns for the positrons from the atomic shell (Fig. 6). The apparent structure around
tTOF − texpected = −50 ns arises from the allowed rare decay mode µ+ → e+e+e−νeνµ
in which one of the positrons is released with low kinetic energy, while the electron
is detected in the magnetic spectrometer. Due to their significantly higher initial mo-
menta positrons from these processes arrive at earlier times at the MCP and can be
significantly distinguished from possible antimuonium decays. A small part of this ob-
served background signal is due to positrons from normal muon decay which experience
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Fig. 5. In the setup at PSI the detection of decays of muonium atoms in vacuum is
favored compared to decays of muons inside of the target. The distribution of time
intervals between the detection of an incoming muon in the beam counter and the
observation of the decay of an atom in vacuum carries information on the efficiency
of the muonium production. The dashed line represents an exponentially decaying
background.
Bhabha scattering in any structural component in the target region. The probability
for a conversion in a 0.1 T magnetic field is P
MM
(0.1 T) ≤ 2.8 · 10−9 (90% C.L.), where
corrections have been applied to account for differences in detection efficiencies while
measuring the muonium production yield and while searching for antimuonium.
For (V ±A)× (V± A) type interactions, the conversion probability is suppressed
in a magnetic field of 0.1 T to 35% of the zero field value. This leads through Eq.(3)
to an upper limit of G
MM
≤ 1.8 · 10−2 GF (90% C.L.).
For dileptonic gauge bosonsX++ in GUTmodels a tight new mass limit ofMX++/g3l >
1.1 TeV/c2 (90% C.L.) can be extracted. This bound exceeds significantly the one de-
ducted from high energy Bhabha scattering [23].
With these results from the first step of the PSI experiment models with dilepton
exchange [19] as well as models with heavy leptons and radiative generation of lepton
masses appear to be less attractive [16]. This is a nice examples for contributions of
research using atomic objects for solving problems in the domain of particle physics.
6 Outlook for Future Experiments
The measurements in the second stage of the experiment at PSI promise further ad-
vances. Among the major improvements are a detector for positrons with four times
enhanced efficiency [46] and a beam line (piE5) with 5 times higher muon flux. Data
have been collected for some 1300 hours and a preliminary result [47] is available which
sets in (V± A)× (V± A) coupling an upper limit of G
MM
≤ 3.2 · 10−3 GF (90%C.L.).
This provides an even more stringent test for speculative extensions to the standard
model, in particular to the left-right symmetric models predicting a lower bound on
G
MM
[14].
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Fig. 6. The number of events with identified energetic electron and slow positron as a
function of (a) the distance of closest approach Rdca between the electron track in the
magnetic spectrometer and the back projection of the position measured at the MCP
and (b) the difference of the positron’s time of flight tTOF to the expected arrival time
texpected. The signal at earlier times is due to the allowed decay channel µ→ 3e2ν and
Bhabha scattering. It is smeared out because of the different acceleration voltages used.
No event satisfied the required coincidence signature. The dotted and dashed curves
correspond to a simulated signal for G
MM
= 0.05GF.
In order to increase the sensitivity of detecting a possible conversion process of
muonium into antimuonium considerably in the future a new experimental approach
will be required. The present setup has come close to the limits imposed by the avail-
able muon fluxes at present meson factories, realistic durations of running times and
the rate capabilities of available proportional wire chambers. The number of accidental
coincidences is expected to become a serious problem for higher beam rates. At present,
possible improvements to the existing setup at PSI appear to promise only marginal
progress. However, at future highly intense pulsed muon sources one could take ad-
vantage of the time evolution of the conversion signal which increases quadratically in
time (Eq. 2). Therefore a detection scheme could be envisaged which again uses the
powerful coincidence detection of both constituents of antimuonium and which starts
to look for antimuonium decays a few muon lifetimes after the formation of the system.
It should be noted that final state interaction in muonium decay could mimic an
antimuonium decay, when energy is transfered from the positron of the µ+ decay to the
electron in the atomic shell (internal Bhabha scattering). An energy transfer of more
than 10MeV while the positron remains with less than 0.1MeV kinetic energy has a
probability of well below 10−11 [44]. However, this process can be distinguished from an
antimuonium decay by the characteristic energy spectra of the detectable particles as
in the case of potential background from the allowed µ→ 3e2ν decay. Therefore, there
is no principle limitation which could prevent much more sensitive searches beyond the
present bounds.
Acknowledgements
We are indebted to Prof. G. zu Putlitz for his constant support, advice and encour-
agement during our work on this appealing subject in the framework of international
The Muonium Atom as a Probe of Physics beyond the Standard Model 11
collaboration.
∗ Present address: Department of Physics, Massachusetts Institute of Technology,
Cambridge, MA. 02139
References
[1] H. Urey, Phys.Rev. 39, 164 (1932) and H. Urey, Phys.Rev. 40, 1 (1932).
[2] J.E. Nafe, Nelson and I.I. Rabi, Phys.Rev. 71, 914 (1947).
[3] W.E. Lamb and R.C. Retherford, Phys.Rev. 71, 241 (1941).
[4] W.J. Marciano, Am.Rev.Nucl.Part.Sci. 1991, 469 (1991).
[5] P.G.H. Sandars, Physica Scripta T46, 16 (1993); B.W. Lynn and P.G.H. San-
dars, J.Phys. B27, 1469 (1994).
[6] M.C. Noecker, B.P. Masterson, C.E. Wieman, Phys.Rev.Lett. 61, 310 (1988).
[7] V.W. Hughes, “Muonium”, this volume.
[8] F.E. Maas, P.E.G. Baird, J.R.M. Barr, D. Berkeland, M.G. Boshier, B. Braun,
G.H. Eaton, A.I. Ferguson, H. Geerds, V.W. Hughes, K. Jungmann, B.M.
Matthias, P. Matousek, M.A. Persaud, G. zu Putlitz, I. Reinhard, E. Riis, P.G.H.
Sandars, W. Schwarz, W.T. Toner, M. Towrie, L. Willmann, K.A. Woodle, G.
Woodman, and L. Zhang, Phys.Lett. A187, 247 (1994).
[9] W. Schwarz, P.E.G. Baird, J.R.M. Barr, D. Berkeland, M.G. Boshier, B. Braun,
G.H. Eaton, A.I. Ferguson, H. Geerds, V.W. Hughes, K. Jungmann, F. Maas,
B.M. Matthias, P. Matousek, M.A. Persaud, G. zu Putlitz, I. Reinhard, E.
Riis, P.G.H. Sandars, W.T. Toner, M. Towrie, L. Willmann, K.A. Woodle, G.
Woodman, and L. Zhang, IEEE Trans.Instr.Meas. 44, 505 (1995).
[10] R.D. Bolton, M.D. Cooper, J.S. Frank, A.L. Halin, P.A. Hausi, C.M. Hoffman,
G.E. Hogan, F.G. Mariam, H.S. Matis, R.E. Mischke, L.E. Piilonen, V.D. Sand-
berg, G.H. Sanders, U. Sennhauser, R. Werbeck, R.A. Williams, S.L. Wilson, R.
Hofstadter, E.B. Hughes, M.W. Ritter, D. Grosnick, S.C. Wright, V.L. Highland
and J. McDonough, Phys.Rev. D38, 2077 (1988).
[11] W. Bertl, S. Egli, R. Eichler, R. Engfer, L. Felawka, Ch. Grab, E.A. Hermes,
N. Kraus, N. Lordong, J. Martino, H.S. Pruys, A.v.d. Schaaf and H.K. Walter,
Nucl.Phys. B260, 1 (1985).
[12] W. Honecker, C. Dohmen, H. Haan, D. Junker, G. Otter, M. Starlinger, P.
Wintz, J. Hofmann, W. Bertl, J. Egger, B. Krause, S. Eggli, R. Engfer, Ch.
Findeisen, E.A. Hermes, T. Kozlowski, C.B. Niebuhr, H.S. Pruys and A.v.d.
Schaaf, Phys.Rev.Lett. 76, 200 (1996).
[13] S.J. Freedman, B.K. Fujikawa, J. Napolitano, J.E. Nelson, R.D. McKeown, K.T.
Lesko, J.B. Donahue, G.T. Garvay, V.D. Sandberg, W.C. Choi, A. Fazely, R.L.
Imlay, W.J. Metcalf, L.S. Durkin, R.W. Harper, T.Y. Ling, J.W. Mitchell, T.A.
Romanowski, E.S. Smith and M. Timko, Phys.Rev. D47, 811 (1993).
[14] P. Herczeg and R.N. Mohapatra, Phys.Rev.Lett. 69, 2475 (1992).
[15] A. Halprin, Phys.Rev.Lett. 48, 1313 (1982).
[16] G.G. Wong and W.S. Hou, Phys.Rev. D50, R2962 (1994), W.S Hou and G.G.
Wong, Phys. Rev. D53, 1537 (1996).
[17] R.N. Mohapatra, Z.Phys. C56, 117 (1992).
[18] A. Halprin and A. Masiero, Phys.Rev. D48, 2987 (1993).
[19] H. Fujii, Y. Mimura, K. Sasaki and T. Sasaki, Phys.Rev.D 49, 559 (1994).
12 L. Willmann and K. Jungmann
[20] G. Feinberg and S. Weinberg, Phys.Rev. 123, 1439 (1961).
[21] K. Assamagan , Ch. Bro¨nimann, M. Daum, H. Forrer, R. Frosch, P. Gheno, R.
Horisberger, M. Janousch, P.-R. Kettle, Th. Spirig and C. Wigger, Phys.Lett.
B335, 231 (1994).
[22] M. Beck, F. Bensch, J. Bockholt, G. Heusser, M. Hinsch, H.V. Klapdor-
Kleingrothaus, B. Maier, F. Petry, A. Piepke, H. Strecker, M. Vo¨lliger, K. Zuber,
A. Balysh, S.T. Belyaev, A. Demehin, A. Gurov, I. Kondratenko, V.L. Lebedev
and A. Mu¨ller, Phys.Rev.Lett. 70, 2853 (1993).
[23] P.H. Frampton and D. Ng, Phys.Rev. D45, 4240 (1992).
[24] V.W. Hughes, D.W. McColm, K. Ziock and R. Prepost, Phys.Rev.Lett. 5, 63,
(1960).
[25] B. Pontecorvo, Zh.Eksp.Teor.Fiz. 33, 549 (1957), [Sov.Phys.JETP 6, 429
(1958)].
[26] F.G. Mariam, W. Beer, P.R. Bolton, P.O. Egan, C. J. Gardner, V.W. Hughes,
D.C. Lu, P.A. Souder, H. Orth, J. Vetter, U. Moser and G. zu Putlitz,
Phys.Rev.Lett. 49, 993 (1982).
[27] K. Jungmann, V. Ebert, V.W. Hughes, M. Janousch, S. Kirches, S. Koppe, F.
Maas, G. zu Putlitz, J. Rosenkranz, W. Schaefer, G. Schiff, and W. Schwarz,
Appl.Phys. B60, 159 (1995).
[28] G.G. Wong and W.S. Hou, Phys.Lett. B357, 145 (1995).
[29] K. Horikawa and K. Sasaki, Phys.Rev. D53, 560 (1996).
[30] D.L. Morgan Jr. and V.W. Hughes, Phys.Rev. D2, 1389 (1970) and D.L. Morgan
Jr. and V.W. Hughes, Phys.Rev. A7, 1811 (1973).
[31] J.J. Amato, P. Crane, V.W. Hughes, J.E. Rothberg and P.A. Thompson,
Phys.Rev.Lett. 21, 1709 (1968).
[32] W.C. Barber, B. Gittelman, D.C. Chen and G.K. O’Neill, Phys.Rev.Lett. 22,
902 (1969).
[33] B. Ni, K.P. Arnold, F. Chmely, V.W. Hughes, S.H. Kettell, Y. Kuang, J. Markey,
B.E. Matthias, H. Orth, H.R. Shaefer, K. Woodle, M.D. Cooper, C.M. Hoff-
man, G.E. Hogan, R.E. Mischke, L.E. Piilonen, R.A. Williams, M. Eckhause,
P. Guss, J. Kane, J. Reidy and G. zu Putlitz, Phys.Rev.Lett. 59, 2716 (1987)
and Phys.Rev. D48, 1976 (1993).
[34] G.M. Marshall, J.B. Warren, D.M. Garner, G.S. Clark, J.H. Brewer and D.G.
Fleming, Phys.Lett. A65, 351 (1978).
[35] Cabot Corporation, ”Cab-O-Sil Properties and Functions”, technical report,
Cab-O-Sil Division, Tuscola, IL (1988).
[36] R.F. Kiefl, J.B. Warren, C.J. Oram, G.M. Marshall, J.H. Brewer, D.R. Harsh-
mann, and C.W. Clawson, Phys.Rev. B26, 2432 (1982).
[37] G.M. Marshall, J.B. Warren, C.J. Oram and R.F. Kiefl, Phys.Rev. D25, 1174
(1982).
[38] G.A. Beer, G.M. Marshall, G.R. Mason, A. Olin, Z. Gelbark, K.R. Kendall, T.
Bowen, P.G. Halverson, A.E. Pifer, C.A. Fry, J.B. Warren and A.R. Kunselman,
Phys.Rev.Lett. 57, 671 (1986).
[39] K. Woodle, K.-P. Arnold, M. Gladisch, J. Hofmann, M. Janousch, K.P. Jung-
mann, H.-J. Mundinger, G. zu Putlitz, J. Rosenkranz, W. Scha¨fer, G. Schiff,
W. Schwarz, V.W. Hughes and S.H. Kettell, Z.Phys. D9, 59 (1988), see also:
A.C. Janissen, G.A. Beer, G.R. Mason, A. Olin, T.M. Huber, A.R. Kunselman,
T. Bowen, P.G. Halverson, C.A. Fry, K.R. Kendall, G.M. Marshall and J.B.
Warren, Phys.Rev. A42, 161 (1990).
The Muonium Atom as a Probe of Physics beyond the Standard Model 13
[40] T.M. Huber, A.R. Kunselman, A.C. Janissen, G.A. Beer, G.R. Mason, A. Olin,
T. Bowen, P.G. Halverson, C.A. Fry, K.R. Kendall, G.M. Marshall, B. Heinrich,
K. Myrtle and J.B. Warren, Phys.Rev. D41, 2709 (1990).
[41] V.A. Gordeev, A.Yu. Kiselev, N.P. Aleshin, E.N. Komarov, O.V. Miklukho,
Yu.G. Naryshkin, V.A. Sknar, V.V. Sulimov, I.I. Tkach, V.M. Abazov, V.A.
Baranov, A.N. Bragin, S.A. Gustov, N.P. Kravchuk, T.N. Mamedov, I.V.
Mirokhin, O.V. Savchenko and A.P. Fursov, JETP Lett. 59, No. 9, 589 (1994).
[42] L. Chatterjee , A. Chakrabarty, G. Das and S. Mondal, Phys.Rev. D46, 46
(1992).
[43] B.E. Matthias, H.E. Ahn, A. Badertscher, F. Chmely, M. Eckhause, V.W.
Hughes, K.P. Jungmann, J.R. Kane, S.H. Ketell, Y. Kuang, H.-J. Mundinger,
B. Ni, H. Orth, G. zu Putlitz, H.R. Scha¨fer, M.T. Witkowski and K.A. Woodle,
Phys.Rev.Lett. 66, 2716 (1991).
[44] K. Jungmann, B.E. Matthias, H.-J. Mundinger, J. Rosenkranz, W. Scha¨fer, W.
Schwarz, G. zu Putlitz, D. Ciskowski, V.W. Hughes, R. Engfer, E.A. Hermes, C.
Niebuhr, H.S. Pruys, R. Abela, A. Badertscher, W. Bertl, D. Renker, H.K. Wal-
ter, D. Kampmann, G. Otter, R. Seeliger, T. Kozlowski and S. Korentschenko,
PSI proposal R-89-06 (1990).
[45] R. Abela, J. Bagaturia, W. Bertl, R. Engfer, B. Fischer von Weikersthal, A.
Grossmann, V.W. Hughes, K. Jungmann, D. Kampmann, V. Karpuchin, I.
Kisel, A. Klaas, S. Korentschenko, N. Kuchinsky, A. Leuschner, B.E. Matthias,
R. Menz, V. Meyer, D. Mzavia, G. Otter, T. Prokscha, H.S. Pruys, G. zuPutlitz,
W. Reichart, I. Reinhard, D. Renker, T. Sakelashvilli, P.V. Schmidt, R. Seeliger,
H.K. Walter, L. Willmann and L. Zhang, Phys.Rev.Lett. 77, 1950 (1996).
[46] P.V. Schmidt, L. Willmann, R. Abela, J. Bagaturia, W. Bertl, B. Braun, H.
Folger, K. Jungmann, D. Mzavia, G. zu Putlitz, D. Renker, T. Sakelashvilli and
L. Zhang, Nucl.Inst.Meth. A376, 139 (1996).
[47] P.V. Schmidt, doctoral thesis, Heidelberg, unpublished (1997); see also: H.P.
Wirtz, doctoral thesis, Zu¨rich, unpublished (1997).
